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Fencing,	 particularly	 electric	 fencing,	 is	 widely	 used	 across	 South	 Africa	 for	 livestock	 and	 game	
ranching	 practices.	 Recent	 studies	 found	 that	 leopard	 tortoises	 (Stigmochelys	 pardalis)	 are	more	
prone	to	dying	from	electrocution	along	electric	 fences	than	any	other	taxa.	However,	no	studies	
have	 quantified	 tortoise	 mortality	 along	 non-electric	 fences	 or	 assessed	 the	 impact	 of	 fence	
structure.	With	South	Africa	being	home	to	more	tortoise	species	than	anywhere	else	 in	 the	world,	
thus	 is	 a	 conservation	 concern.	 This	 study	 quantifies	 tortoise	 mortalities	 associated	 with	
electrified	and	non-electrified	fences	and	relates	these	rates	to	 fence	 structure	 (mesh	 or	 strand).	
Open	 veld	 transects	 are	 used	 as	 controls	 to	 estimate	 background	 mortality.	 This	 study	 also	
reports	 the	 distribution	 and	 abundance	 of	 different	fence	 types	 along	 2200	 km	 of	 roads	 in	 the	
southeastern	 Karoo,	 allowing	 the	 cumulative	impacts	 of	 different	 fence	 types	 to	 be	 estimated.	
All	 fence	 types	 had	 significantly	 higher	 tortoise	mortalities	 than	 open	 veld	 transects.	 Leopard	
tortoise	mortalities	were	significantly	 higher	along	electric	fences	than	non-electric	fences.	Despite	
forming	only	approximately	4	%	of	all	roadside	fencing,	electric	fences	account	for	56	%	of	leopard	
tortoise	mortalities.	This	 study	 validates	 concern	 for	 increased	 electric	 fence	 use	 in	 the	 future	
and	 the	 potential	impacts	on	leopard	tortoises.	When	considering	the	current	abundance	of	fence	
types	 and	 their	 associated	 mortalities,	 the	 total	 number	 of	 leopard	 tortoise	 mortalities	 along	






Karoo,	 but	 globally.	 The	 implementation	 and	 practicality	 of	 previously	 suggested	 mitigation	
strategies	are	discussed	and	alternative	mitigation	strategies	are	 suggested.	This	 study	concludes	
that	 raising	 of	 the	 electric	 strands	 is	 impractical	 and	 the	 implementation	 of	 rock	 aprons	 are	
ineffective.	 Live	 tortoises	 displayed	 active	 behavior	 when	 temperature	 was	 above	 20	 °C,	 thus	







































al.	 2014).	 Livestock	 farming	uses	 fences	primarily	 to	exclude	predators,	while	 fences	 are	used	 to	
constrain	 animals	 within	 camps	 and	 limit	 the	 spread	 of	 diseases	 in	 game	 ranching	 (Beck	 2010;	
Cumming	et	al.	2015).	Most	of	South	Africa’s	native	fauna	persist	outside	of	protected	areas,	with	
game	ranching	playing	an	increasingly	important	role	in	biodiversity	conservation	(Cumming	et	al.	










particularly	 livestock	 farmers	 across	 South	 Africa	 (van	 Niekerk	 2010;	 Pietersen	 et	 al.	 2014).	 It	 is	
estimated	that	3	–	6	%	of	all	livestock	and	6	–	13	%	of	juvenile	livestock	are	lost	to	predators	each	















to	 the	 Electrical	 Machinery	 Regulations	 within	 the	 Health	 and	 Safety	 Act	 of	 1993,	 which	 sets	
minimum	 standards	 for	 all	 electrified	 fences	 (Department	 of	 Labour	 2011).	 However,	 these	
regulations	are	primarily	focused	on	security	fencing	in	urban	areas	(Mcdonald	2011;	Department	of	
Labour	 2011).	 Local/provincial	 departments,	 organizations	 or	 privately-owned	 fencing	 companies	















Linear	 features	 across	 a	 landscape,	 such	 as	 fences,	 can	 act	 as	 selectively	 permeable	 filters,	
obstructions	and	ecological	traps	for	animals	(Boone	&	Hobbs	2004;	Beck	2010).	The	impacts	that	
these	 features	have	on	animals	 and	 the	environment	have	been	well-documented	across	 a	wide	









































of	maintenance,	 poor	 design,	 construction	 challenges	 and	 location.	 Do	 the	 benefits	 of	 fencing	
outweigh	the	costs?	This	important	question	can	be	answered	only	against	well-defined	objectives.	
	
Given	the	increased	of	 electrified	 fencing,	 Beck	 (2010)	 tried	 to	 quantify	 the	 number	 of	animals	
killed	by	electric	fences	across	South	Africa.	He	found	individuals	from	33	species	that	died	as	a	direct	
result	of	electric	fencing.	Reptiles	had	an	order	of	magnitude	higher	mortality	 rate	 than	 mammals	
had,	 with	 mortality	 rates	 up	 to	 2.15	 individuals/km/yr	 (x	̅ =	 0.475	 individuals/km/yr).	 Leopard	
tortoises	 (Stigmochelys	 pardalis)	 comprised	 91	 %	 of	 all	 reptile	 mortalities	 and	 Beck	 (2010)	














wide	 distribution	 and	 reaction	 to	 electrocution	 (Burger	 &	 Branch	 1994;	 Beck	 2010).	 All	 tortoise	




























mortalities	involve	larger	animals	 (only	mammals?)	that	became	entangled	and	were	 unable	 to	






The	 Karoo	 is	 the	most	 species-rich	 tortoise	 region	 in	 South	 Africa,	with	 four	 genera	 of	 tortoises	
comprising	nine	species,	of	which	six	are	endemic	(Branch	et	al.	1995;	Branch	1998;	 Milton	 et	 al.	
1999;	Boycott	&	Bourquin	2000,	Branch	2012).	The	 leopard	tortoise	 is	 the	 largest	 (with	exceptional	
individuals	reaching	lengths	of	750	mm	and	masses	of	40	kg),	most	abundant	and	widespread	tortoise	
across	South	Africa	(Alexander	&	Marais	2007;	Branch	2012).	In	addition,	leopard	tortoises	produce	
more	 offspring	 than	 other	 tortoises	 in	 the	 region.	Angulate	 tortoises	 may	 be	 locally	 abundant,	
with	 exceptional	 individuals	 reaching	 carapace	 lengths	 of	 300	 mm	 and	 body	 masses	 of	 2	 kg	
(Alexander	 &	 Marais	 2007).	 Of	 the	 three	 tent	 tortoise	 species,	 only	 the	 Karoo	 tent	 tortoise	
(Psammobates	tentorius)	 occurs	 in	 the	 southeastern	 Karoo	 in	 low	 densities	 (Alexander	&	Marais	






The	Karoo	exhibits	all	 the	 fencing	problems	mentioned	above	that	 result	from	game	ranching	and	








small,	 less	 common	 species	 with	 low	 reproductive	 rates.	 The	 spread	 and	 increase	 of	 pied	 crow	
(Corvus	 alba)	 populations	 across	 the	 Karoo	 (Cunningham	 et	 al.	 2016;	 Joseph	 et	 al.	 2016)	 is	 an	
emerging	threat	that	has	been	linked	to	decreases	in	tortoise	populations	(Fincham	&	Lambrechts	
2014;	Loehr	2017).	Road	mortalities	are	also	common	across	the	Karoo,	but	have	been	published	









Many	 farmers	 in	 the	 Karoo	 are	 converting	 their	 land	 to	wildlife	 habitats	 for	 game	 ranching	 and	
conservation	as	 they	 seek	greater	economic	 returns	and	wish	 to	maintain	ownership	given	post-









and	 identifying	which	tortoise	species	and	demographics	are	at	 risk,	and	what	 fence	 features	are	
responsible.	A	key	objective	was	to	estimate	the	total	number	of	fence	related	tortoise	mortalities	












in	 the	Nama	Karoo	Biome,	 although	 some	areas	extended	 into	 Succulent	Karoo	and	drier	
areas	of	Albany	Thicket	and	Fynbos	Biomes.	However,	many	areas	have	been	transformed	
due	 to	 overgrazing	 by	 livestock	 (Hoffman	 et	 al.	 1999;	Milton	 et	 al.	 1999).	 The	 vegetation	
primarily	consists	of	low-shrubs,	although	succulents	are	common	in	arid	areas	and	grasses	
and	fynbos	shrubs	are	found	in	wetter	areas	with	trees	occurring	along	river	beds	(Milton	et	














stock	 of	 dead	 tortoises	 along	 fences.	 A	 mortality	 rate	 of	 individuals/km/yr	 could	 not	 be	
measured	 as	 I	 did	 not	 have	 enough	 time	 to	 clear	 carcasses	 and	 recheck	 areas.	 Instead	 I	









well	 as	 at	 each	 tortoise	 found	 during	 a	 transect:	 the	 structure	 of	 the	 fence	 (i.e.	mesh	 or	
strand);	presence	of	electrified	strands;	where	these	were	present,	the	height	of	the	lowest	
electric	strand	above	the	ground	was	recorded	to	the	nearest	5	mm	using	a	measuring	tape	























that	 farmers	move	 these	 tortoises	 far	 out	 of	 sight	 to	maintain	 a	 positive	 reputation.	 For	
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were	 recorded	 independently	 from	any	 existing	 data	 points	 on	 adjacent	 roads.	 The	 same	
information	on	fence	presence	and	design	described	above	were	recorded,	except	the	height	




For	 any	 incidental	 tortoise	 encounters	 (not	 on	 a	 transect),	 the	 same	 fence	 presence	 and	
design,	environmental	and	tortoise	encounter	information	described	above	were	recorded.	
Behavior	of	 live	 tortoises	was	categorized	as	 follows:	Resting	 (inactive),	Trapped	at	 fence,	
Drinking,	 Feeding,	 Mating	 and	 Walking.	 In	 addition,	 temperature	 was	 recorded	 with	 a	
handheld	Kestrel	device	for	all	incidental	encounters.	Live	tortoises	found	trapped	on	a	fence	
were	 removed	by	hand	or	using	a	wooden	pole	 to	push	 them	away	without	 touching	 the	























consistent	 along	 each	 transect.	 I	 used	 transect	 length	 as	 an	 offset	 to	 account	 for	 varying	
transect	lengths.	For	probability	models,	a	binomial	distribution	and	a	logit-link	function	were	
specified.	 For	 average	 number	 of	 tortoises	 along	 a	 1-km	 transect,	 a	 negative	 binomial	
distribution	and	a	logit-link	function	were	specified.	Both	variables	were	initially	included	in	
the	GLMs.	If	they	did	not	have	a	significant	effect,	I	removed	from	them	from	the	model	to	





which	 could	 influence	 where	 a	 tortoise	 was	 likely	 to	 be	 found	 within	 transects	 (water	
	 19	
presence,	 rock	 apron	 presence,	 vegetation	 height,	 percentage	 open	 ground),	 using	 the	 R	
package	lme4	(Bates	et	al.	2015).	Fence	type	was	included	as	a	category.	The	possibility	of	













Regression	models	were	 fitted	 to	predict	carapace	heights	 from	SCL	and	scute	 lengths	 for	
each	 species	 (sex	was	 not	 included	 as	 a	 category	 as	 sex	 could	 not	 be	 determined	 for	 all	
carcasses).	 All	 regressions	 were	 significant	 (Appendix	 Figs	 S1	 and	 S2).	 For	 broken	 or	

















dips	 of	 river	 beds).	 The	heights	 of	 electric	 strands	 and	 tortoise	 carapace	heights	 (of	 each	
species)	were	not	normally	distributed.	 Thus,	 a	non-parametric	Wilcoxon	 test	using	 the	R	
package	exactRankTests	(Hothorn	&	Hornik	2017)	was	used	to	test	for	significant	differences	
between:	 electric	 strand	 heights	where	 dead	 tortoises	were	 found	 against	 strand	 heights	
recorded	every	100	m;	carapace	heights	of	dead	tortoises	found	along	electric	fences	against	
















Figure 1: Map of study area showing fence distribution data. Black dots = electric fence; grey dots 
= lack of an electric fence. Black lines show provincial boundaries for the Western and Eastern Cape; 
grey lines indicate dirt or tar roads. Inset indicates the location of the study area in South Africa. 
	
Figure 2: Map of study area showing location of transect points. Black squares indicate points where 
dead tortoises were found and grey dots indicate transect points where no dead tortoises were found; 
other conventions as in Fig. 1. 
	 22	
Table 1: Decompos i t ion  categories for tortoise carcasses (from Bourn & Coe 1979). 
Stage Description 
 Flesh intact Tortoise recently dead; shows little to no signs of decomposition. No 
odour of decomposing material 
Recent decay Decomposing soft tissue with putrid odour.  
Scutes present All soft tissue decomposed with little to no odour. Most scutes firmly 
attached, but a couple scutes may be missing. 
Carapace intact Most scutes missing from carapace. Carapace intact, but starts 
showing early signs of decay. Exposed bones may be bleached 
white.  
Carapace decay Bones separating along sutures, but most are still connected. 
Carapace may have collapsed. 
Fragments Most bones separated  
	
	
Figure 3: Dashed lines show the lengths recorded of the top three carapace scutes for leopard 
tortoises (left) and angulate tortoises (right). Relevant scute codes indicated by arrows (FS = length 
along the edge between the top front scute and top middle scute, MS = length of middle scute, BS 





with	 information	 for	 both	 sides	 of	 the	 road	 (884	 points	 in	 total).	 Electric	 fences	 were	
uncommon	in	the	southeastern	Karoo	(relative	proportions:	electric	mesh	=	0.010,	electric	
strand	=	0.033)	compared	to	non-electrified	fences:	mesh	(0.604)	and	strand	(0.258;	Figure	
4).	 The	 proportion	 of	 road	 verges	 lacking	 fencing	 (0.095)	 was	 more	 than	 double	 the	






S3).	 I	 found	 403	 tortoises	were	 found	 on	 transects,	 only	 40	 of	 which	were	 alive	 (Fig.	 5).	














dead	 leopard	 tortoise	 on	 an	 electric	 fence	 were	 significantly	 higher	 than	 finding	 a	 dead	
angulate	 tortoise	on	an	electric	 fence,	with	no	significant	difference	between	non-electric	
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than	 on	 a	 non-electric	 fence	 (Fig.	 7A,	 Appendix	 Table	 S11).	 Electric	 mesh	 fences	 had	 a	
significantly	higher	probability	of	having	a	dead	leopard	tortoise	than	electric	strand	fences,	
but	there	was	no	difference	between	these	fence	types	when	they	were	not	electrified.	All	






































The	 electric	 strand	 heights	 with	 dead	 leopard	 tortoises	 were	 significantly	 lower	
compared	 to	 the	electric	 strand	heights	measured	every	100	m	along	 transects	 (W	=	
48272,	p	=	0.025;	Fig.	13).	However,	when	outliers	>	400	mm	high	were	removed,	the	





not	 found	 on	 electric	 fences	 were	 significantly	 higher	 than	 electric	 strand	 heights	
measured	every	100	m	along	transects	(W	=	9125,	p-value	=	<0.001).	This	is	reflected	in	
the	interquartile	ranges	(carapace	heights	=	190	–	235	mm,	electric	strand	heights	=	140	













not	 a	 linear	 time	 scale	 and	 is	 thus	 purely	 descriptive.	 Tortoise	 carcasses	 were	 found	




There	 was	 a	 significant	 negative	 relationship	 between	 probability	 of	 recording	 a	 tortoise	
resting	and	increasing	temperature	(Z	=	-4.064,	df	=	168,	p	=	<0.001).	Conversely,	a	significant	
positive	relationship	was	found	between	probability	of	tortoise	being	active	and	increasing	
temperature	 (Z	=	3.283,	df	=	168,	p	=	0.001).	 In	both	cases	 tortoise	behaviour	appears	 to	
change	at	20	°C	(Figs	17	and	18).	Of	the	16	live	tortoises	trapped	on	fences,	none	were	able	









Figure 4: Proportion of fence types from points recorded every 5km along major and minor public 





Figure 5: Encounter frequency for   tortoise  species  along  2200km of transects walked  in the 











































Figure 6: (A) Probability of live and dead tortoise occurrence per kilometre for each fence type. (B) 







































































fence	type. (B) Average number of dead leopard and angulate tortoises per kilometre of fence 








































































                Distance (°) 
Figure 8: Spatial autocorrelation plot testing independence of transects for the GLM investigating 
the number of live tortoises per km. 
	
                Distance (°) 
Figure 9: Spatial autocorrelation plot testing independence of transects for the GLM investigating 
the number of dead tortoises per km.  






































                Distance (°) 
Figure 10: Spatial autocorrelation plot testing independence of transects for the GLM investigating 
the number of dead leopard tortoises per km. 
	
                Distance (°) 
Figure 11: Spatial autocorrelation plot testing independence of transects for the GLM investigating 
the number of dead angulate tortoises per km. 





































Table 2: Statistical results for GLMM that investigated environmental and fence variables and 
interaction terms between variables explaining presence of a dead tortoise (df = 875). 
Variable Estimate SE Z  P 
No fence -7.172 1.431 -5.013 <0.001 
Electric mesh 5.109 0.766 6.670 <0.001 
Electric strand 4.058 0.813 4.991 <0.001 
Mesh 2.194 0.749 2.931 0.003 
Strand 1.204 0.813 1.481 0.139 
Rock apron 1.484 1.418 1.047 0.295 
Vegetation height 0.612 0.303 2.019 0.044 
Water presence 1.711 2.326 0.735 0.462 
Open ground (%) 0.012 0.019 0.638 0.523 
Electric mesh: Rock apron -2.758 1.485 -1.857 0.063 
Electric strand: Rock apron -20.693 209.025 -0.099 0.921 
Mesh: Rock apron -1.560 1.479 -1.055 0.291 
Vegetation height: Water presence -0.449 0.569 -0.790 0.430 
Vegetation height: Open ground (%) -0.004 0.005 -0.896 0.371 
	
	
Table 3: Estimate of the number of dead leopard tortoises for each fence type along 2200 km of 




Length of fence 
surveyed (km) 
Dead leopard 
tortoises per km 
Estimated number of 
dead leopard tortoises  
No fence 0.095 209.0 0.04 9 
Electric mesh 0.033 72.6 8.67 629 
Electric Strand 0.010 22.0 4.74 104 
Mesh 0.604 1328.8 0.33 445 




Table 4: Estimate of the number of dead angulate tortoises for each fence type along 2200 km of 




Length of fence 
surveyed (km) 
Dead angulate 
tortoises per km 
Estimated number of 
dead angulate tortoises  
No fence 0.095 209.0 0 0 
Electric mesh 0.033 72.6 0.43 31 
Electric Strand 0.010 22.0 0 0 
Mesh 0.604 1328.8 0.42 557 




Figure 12: Plot showing carapace heights (circles) of dead leopard tortoises found alongside an 
electric fence with respective electric strand heights. Bars highlight distribution of points as data is 
heavily grouped. Line plotted is where carapace heights equals strand height (x = y). 
	

























Histogram of strand height where dead Leopard tortoises were found
Electric strand height (cm)
Freque
ncy































































































Figure	14:	Boxplot	of	carapace	heights	of leopard tortoises found dead on electric fence transects 
and all other leopard tortoises recorded not on electric fence (incidental and transect data, 
dead and alive). No significant difference exists (W = 4930.5, p-value = 0.10). 

























































Figure 15: Frequency of various stages of decomposition for dead tortoises found during surveys. 
	
	












































            Temperature (°C)	
Figure 17: Probability of tortoises resting behavior in relation to temperature. Black line indicates 
calculated probability using loess regression and grey area highlights 95% confidence intervals. 
	
            Temperature (°C)	
Figure 18: Probability of tortoise active behavior in relation to temperature. Black line indicates 




























































barrier	 to	 the	 tortoise,	making	 it	 harder	 to	 escape.	 In	 addition,	 this	 study	highlighted	 the	
threat	posed	to	large	tortoises	and	hence	the	importance	of	the	height	of	the	lowest	electric	
strand.	A	tortoise’s	carapace	height	needs	to	match	or	be	taller	than	the	height	of	the	electric	





































fence	use	 in	 the	 future	and	the	potential	 impacts	on	 leopard	tortoises	 (Beck	2010;	Farber	
2016).	Although	non-electric	fences	had	significantly	fewer	leopard	tortoise	mortalities	per	
km,	 the	 predominance	 of	 non-electric	 fencing	 (specifically	 mesh	 fencing)	 makes	 them	 a	






reported	 in	 other	 leopard	 tortoise	 population	 studies	 (Grobler	 1982;	Mason	 et	 al.	 2000)	
including	in	the	Nama-Karoo	Biome	(McMaster	&	Downs	2009).	Although	this	may	be	due	to	

























Angulate	 tortoises	 apparently	 are	more	affected	by	mesh	 structure	of	 fences	 than	by	 the	
electrified	 strand.	When	 an	 angulate	 tortoise	 tries	 to	 pass	 through	 the	mesh,	 it	 becomes	
trapped	 if	 the	mesh	 size	 is	 slightly	 smaller	 than	 the	 tortoise’s	body	height	 (Fig.	 21).	Once	
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Approximately	64	%	of	 all	 roadside	 fences	have	mesh	 structures	and	account	 for	93	%	of	
angulate	tortoise	mortalities.	This	high	risk	of	mesh	fences	should	be	considered	for	angulate	
tortoise	populations.	Perhaps	mortality	rates	are	genuinely	 low	along	some	fence	types	as	
none	were	 found,	 but	 the	need	 for	 future	 studies	 to	build	on	 this	 dataset	 is	 vital	 to	 fully	





























This	 study	 investigated	 the	probability	of	 finding	 tortoises	along	 fences,	but	 the	causes	of	
mortalities	could	not	be	determined.	 It	 is	 likely	 that	 some	mortalities	were	not	caused	by	
fences	 (e.g.	 natural	 deaths,	 vehicle	 accidents,	 predation).	 Considering	 that	 most	 tortoise	











(1992)	 reported	 that	 leopard	 tortoises	 feed	on	vegetation	 types	 that	occur	along	areas	of	
disturbance	in	the	Karoo,	such	as	road	verges	or	water	points	used	by	livestock.	Although	all	





































accidents,	which	 are	 common	 in	 the	 Karoo	 (Milton	 et	 al.	 1999),	 needs	 to	 be	 considered.	
However,	road	type	was	not	significant	in	describing	presence	of	tortoises.	Road	verges	were	









Another	 possibility	 of	 tortoise	mortality	may	 be	 human-induced	mortalities.	 Although	 no	
carcasses	could	be	conclusively	identified	as	human	related,	some	carcasses	had	questionable	
punctures	in	the	carapace	(Figure	26).	These	holes	were	not	a	result	of	decomposition	as	the	
carapaces	were	 otherwise	 intact,	 scutes	were	 still	 attached	 and	were	 not	warped	 by	 sun	
damage.	 These	 holes	 also	 did	 not	 occur	 along	 carapace	 bone	 sutures.	 Human-induced	
mortalities	 have	 been	 reported	 in	 several	 studies	 and	 with	 varying	 rationale.	 Boycott	 &	
Bourquin	 (2000)	 report	 that	 some	 farmers	 believe	 leopard	 tortoises	 compete	 for	 grazing	















By	 raising	 the	minimum	height	 of	 the	 electrified	 strands	 to	 200	 –	 250	mm,	 unintentional	
animal	mortalities	including	those	of	tortoises	may	be	reduced	(Burger	&	Branch	1994;	Beck	
2010).	Although	this	would	not	prevent	all	mortalities,	significantly	fewer	leopard	tortoises	
were	 found	 killed	 by	 higher	 strands	 (Beck	 2010).	 All	 other	 South	 African	 chelonian	 shell	
heights	are	lower	than	200	mm	(Burger	&	Branch,	Alexander	&	Marais	2007),	thus	would	be	
safe	 from	 electrocution.	 However,	 raising	 electrical	 strand	 height	 is	 impractical	 from	 the	
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perspective	 of	 problem	 animal	 control	 as	 the	 low-lying	 electric	 strand	 is	 what	 prevents	
animals	from	digging	under	the	fence.	Burger	&	Branch	(1994)	describe	the	effectiveness	of	
their	 strand	 height	 suggestion	 at	 deterring	 porcupines	 and	 bushpig,	 but	 do	 not	 mention	







contact	 with	 electrified	 strands	 as	 tortoises	 are	 unable	 to	 climb	 over	 rocks	 (Beck	 2010).	
Although	 Beck	 (2010)	 did	 not	 directly	 investigate	 the	 effectiveness	 of	 rock	 aprons	 in	
preventing	 tortoise	and	other	animal	mortalities,	he	did	note	 that	only	a	 single	 chelonian	
mortality	was	recorded	at	Pilanesberg	National	Park.	He	attributed	this	low	mortality	rate	to	
the	rock-packed	apron	and	concluded	that	rock-packed	aprons	may	be	a	viable	and	more	eco-




of	 a	 dead	 tortoise,	 and	 individual	 observations	 contradicted	 Beck’s	 (2010)	 conclusions.	














provide	an	opportunity	 for	 tortoises	 to	recover	and	escape	from	electric	 fences	 (Burger	&	
Branch	1994;	Beck	2010).	 Field	 ranger	anecdotes	 from	Burger	and	Branch	 (1994)	 say	 that	
tortoises	may	survive	up	to	an	hour	or	longer	once	caught	on	an	electric	fence.	Some	land	
owners	 suggested	 that	 tortoises	 may	 survive	 longer	 than	 24	 hours.	 This	 has	 not	 been	












The	 behavioral	 change	 of	 tortoises	 in	 relation	 to	 temperature	 found	 in	 this	 study	 may	
highlight	 how	 effective	 thermostatic	 switches	 on	 electric	 fences	 could	 be	 implemented	
without	 compromising	 effectiveness.	 	 Below	 20	 °C,	 tortoises	 remain	 inactive	 and	 would	
unlikely	 move	 away	 from	 the	 electric	 fence	 when	 it	 is	 off	 (Figure	 17).	 Conversely,	 the	
probability	of	active	behavior	increases	above	20	°C	thus	increasing	the	chance	of	a	tortoise	
escaping	the	strand	(Figure	18).	If	an	electric	fence	is	set	to	switch	off	at	temperatures	above	
20	 °C,	 it	would	maximize	 time	 the	electric	 fence	 stays	on,	whilst	 giving	 tortoises	 the	best	
opportunity	 to	 escape.	 Average	 night	 temperatures	 are	 well	 below	 20	 °C	 in	 the	 hottest	



















































Underway	 tunnels	and	eco-passages	that	reduce	mortalities	along	roads	 (Ruby	et	 al.	 1994;	
Baxter-Gilbert	et	al.	2015)	could	be	used	to	reduce	mortalities	along	other	barriers.	Ruby	et	
al.	 (1994)	 found	 that	 desert	 tortoises	 easily	 passed	 through	 fences	when	 openings	 of	 an	
appropriate	 size	 were	 available.	 However,	 Baxter-Gilbert	 et	 al.	 2015	 found	 that	 eco-
passages	were	 ineffective	when	alternative	 crossing	options	 are	 available	(such	as	holes	in	
a	fence).	No	such	experiments	have	been	attempted	in	South	Africa.	Due	to	the	 large	 size	of	






of	 fencing	 described	 in	 the	 introduction	 for	 small	 tortoises.	 Such	 materials	 may	 be	
expensive	but	it	may	be	beneficial	for	protected	areas	focused	on	conservation	to	implement	






fences.	 There	 is	 a	 push	 towards	 removing	 fences	 for	 conservation	 efforts	 with	 former	
farmland	being	successfully	converted	into	reserves	(Cumming	et	al.	2015).	In	South	Africa,	






drivers,	 other	 incentives	 such	 as	 the	 Cape	 Stewardship	 Programme	 further	 promote	 land	
conversion	and	restoration.	This	opens	opportunities	to	study	any	impacts	of	fence	removal	
on	tortoise	populations.	Instead	of	fencing	large	areas,	fencing	could	be	used	to	enclose	only	












control	 (McManus	 et	 al.	 2015).	 The	 use	 of	 virtual	 fences	 has	 proven	 successful	 for	 some	
species	such	as	scent	marks	for	wild	dogs	(Jackson	et	al.	2012)	and	could	be	applied	to	other	








for	 landowner’s	 values	 and	 goals,	 so	 that	 wildlife	 sensitive	 land-use	 planning	 can	 be	

















create	 tension.	 Perhaps	multiple	 codes	of	best	practice	 could	be	 created	 for	 specific	 land	
practices.	More	 research	 is	 needed	 on	 the	 effectiveness	 and	 applicability	 of	 some	 of	 the	










tortoise	 populations,	 so	 efforts	 should	 be	 made	 to	 prevent	 more	 electric	 fences	 being	









































being	 affected	 differently.	 Until	 now,	 the	 impact	 of	 non-electric	 fencing	 has	 been	 largely	
overlooked,	despite	the	estimate	of	numbers	of	tortoises	killed	being	comparable	to	electric	
fencing	 (given	 the	 relatively	 small	 proportion	 of	 electrified	 fences).	 Previously	 suggested	















Figure 19: A live tortoise where the electric strand has caused an open bleeding wound in the 
carapace, where the electric pulses splatter the blood by boiling. 
	 53	
	









Figure 22: Three leopard tortoises walking along a fence where vegetation has been cleared. 
	 56	
	
Figure 23: Fence-line contrast showing how vegetation can differ with different land-use practices. 
	
	
Figure 24: A hole in fence caused by problem animals that tortoises can use to cross the fence. 
	 57	
	
Figure 25: Dead tortoises are often clustered together in a small area along a fence: (A) four large 
dead leopard tortoises, (B) three small dead leopard tortoises.  
	 58	
	
Figure 26: Dead leopard tortoises with punctures in carapace: (A) and (B). 
	
	
Figure 27: Rock aprons may cause additional tortoise mortalities by (A) effectively lowering the 
electric strand height as tortoises climb the rocks (B) by trapping smaller tortoises between rock and 
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Figure S1: Leopard tortoise scute lengths and SCL regressions against carapace height 
	

















































































































































































Table S1: Scute lengths and SCL regression equations used to predict height of tortoise 
carapaces. 
Measurement Equation SE R2 
Adjusted 
R2 
F df p 
Leopard	SCL	 y	=	0.397x	+	49.42	 0.016	 0.808	 0.807	 636.70	 151	 <0.001	
Leopard	FS	 y	=		1.620x	+	30.34	 0.057	 0.854	 0.853	 794.80	 136	 <0.001	
Leopard	MS	 y	=	1.306x	+	30.04	 0.044	 0.867	 0.866	 877.60	 135	 <0.001	
Leopard	BS	 y	=	1.781x	+	25.38	 0.063	 0.858	 0.857	 804.00	 133	 <0.001	
Angulate	SCL	 y	=	0.327x	+	23.99	 0.060	 0.602	 0.582	 30.24	 20	 <0.001	
Angulate	FS	 y	=	1.265x	+	28.09	 0.212	 0.652	 0.634	 35.66	 19	 <0.001	
Angulate	MS	 y	=	1.236x	+	16.74	 0.208	 0.650	 0.631	 35.20	 19	 <0.001	





Figure S3: Distances of fence types used in analyses. Numbers of above bars indicate the 



























Table S2: Statistical results for GLM that investigated the probability of a live tortoise occurrence 
per kilometer for each fence type (df = 184). 
Fence type Estimate SE Z  P  
No fence -3.110 0.389 -7.998 <0.001 
Electric mesh 0.574 0.486 1.181 0.238 
Electric Strand -14.639 512.308 -0.029 <0.001 
Mesh 1.313 0.407 3.226 <0.001 




Table S3: Statistical results of fence type comparisons for GLM that investigated the probability 
of a live tortoise occurrence per kilometer for each fence type (df = 184). 
Contrast Estimate SE Z P value 
No	fence	-	Electric	mesh	 -0.574	 0.486	 -1.181	 0.762	
No	fence	-	Electric	strand	 14.639	 512.308	 0.029	 1.000	
No	fence	-	Mesh	 -1.313	 0.407	 -3.226	 0.011	
No	fence		-	Strand	 -0.894	 0.440	 -2.033	 0.250	
Electric	mesh	-	Electric	strand	 15.213	 512.308	 0.030	 1.000	
Electric	mesh	-	Mesh	 -0.739	 0.315	 -2.341	 0.132	
Electric	mesh	-	Strand	 -0.320	 0.357	 -0.896	 0.898	
Electric	strand	-	Mesh	 -15.952	 512.308	 -0.031	 1.000	
Electric	strand	-	Strand	 -15.533	 512.308	 -0.030	 1.000	







Table S4: Statistical results for GLM that investigated the probability of a dead tortoise occurrence 
per kilometer for each fence type (df = 184). 
Fence type Estimate SE Z  P  
No fence -2.371 0.281 -8.431 <0.001 
Electric mesh 5.550 0.480 11.575 <0.001 
Electric Strand 2.963 0.374 7.920 <0.001 
Mesh 1.992 0.294 6.779 <0.001 






Contrast	 Estimate	 SE	 Z	 P value	
No	fence	-	Electric	mesh	 -5.550	 0.479	 -11.575	 <0.001	
No	fence	-	Electric	strand	 -2.963	 0.374	 -7.920	 <0.001	
No	fence	-	Mesh	 -1.992	 0.294	 -6.779	 <0.001	
No	fence		-	Strand	 -1.138	 0.317	 -3.590	 0.003	
Electric	mesh	-	Electric	strand	 2.587	 0.460	 5.622	 <0.001	
Electric	mesh	-	Mesh	 3.558	 0.398	 8.948	 <0.001	
Electric	mesh	-	Strand	 4.412	 0.415	 10.635	 <0.001	
Electric	strand	-	Mesh	 0.971	 0.261	 3.719	 0.002	
Electric	strand	-	Strand	 1.826	 0.287	 6.367	 <0.001	







Table S6: Statistical results for GLM that investigated the average number of live tortoises per 
kilometer of fence type (df = 184). 
Fence type Estimate SE Z  P  
No fence -3.154 0.442 -7.130 <0.001 
Electric mesh 0.542 0.568 0.954 0.340 
Electric Strand -17.149 1836.489 -0.009 0.993 
Mesh 1.751 0.466 3.757 <0.001 




Table S7: Statistical results of fence type comparisons for GLM that investigated the average 
number of live tortoises per kilometer for among different fence types (df = 184). 
Contrast	 Estimate	 SE	 Z	 P value	
No	fence	-	Electric	mesh	 -0.542	 0.568	 -0.954	 0.876	
No	fence	-	Electric	strand	 17.149	 1836.489	 0.009	 1.000	
No	fence	-	Mesh	 -1.751	 0.466	 -3.757	 0.002	
No	fence		-	Strand	 -1.967	 0.488	 -4.027	 0.001	
Electric	mesh	-	Electric	strand	 17.690	 1836.489	 0.010	 1.000	
Electric	mesh	-	Mesh	 -1.209	 0.385	 -3.142	 0.015	
Electric	mesh	-	Strand	 -1.425	 0.412	 -3.463	 0.005	
Electric	strand	-	Mesh	 -18.900	 1836.489	 -0.010	 1.000	
Electric	strand	-	Strand	 -19.116	 1836.489	 -0.010	 1.000	








Table S8: Statistical results for GLM that investigated the average number of dead tortoises per 
kilometer of fence type (df = 184). 
Fence type Estimate SE Z  P  
No fence -2.461 0.282 -8.716 <0.001 
Electric mesh 4.668 0.295 15.810 <0.001 
Electric Strand 4.016 0.315 12.754 <0.001 
Mesh 2.241 0.290 7.732 <0.001 




Table S9: Statistical results of fence type comparisons for GLM that investigated the average 
number of dead tortoises per kilometer for among different fence types (df = 184). 
Contrast	 Estimate	 SE	 Z	 P value	
No	fence	-	Electric	mesh	 -4.668	 0.295	 -15.810	 <0.001	
No	fence	-	Electric	strand	 -4.016	 0.315	 -12.754	 <0.001	
No	fence	-	Mesh	 -2.241	 0.290	 -7.732	 <0.001	
No	fence		-	Strand	 -1.164	 0.313	 -3.725	 0.002	
Electric	mesh	-	Electric	strand	 0.652	 0.164	 3.969	 0.001	
Electric	mesh	-	Mesh	 2.428	 0.108	 22.396	 <0.001	
Electric	mesh	-	Strand	 3.504	 0.160	 21.937	 <0.001	
Electric	strand	-	Mesh	 1.776	 0.154	 11.528	 <0.001	
Electric	strand	-	Strand	 2.852	 0.194	 14.729	 <0.001	







Table S10: Statistical results for GLM that investigated the probability of a dead leopard 
tortoise occurrence per kilometer for each fence type (df = 184). 
Fence type Estimate SE Z  P  
No fence -3.110 0.389 -7.998 <0.001 
Electric mesh 5.553 0.480 11.581 <0.001 
Electric Strand 3.702 0.461 8.038 <0.001 
Mesh 1.674 0.403 4.153 <0.001 




Table S11: Statistical results of fence type comparisons for GLM that investigated the 
probability of a dead leopard tortoise occurrence per kilometer for each fence type (df = 184). 
Contrast	 Estimate	 SE	 Z	 P value	
No	fence	-	Electric	mesh	 -5.553	 0.479	 -11.581	 <.001	
No	fence	-	Electric	strand	 -3.702	 0.461	 -8.038	 <.001	
No	fence	-	Mesh	 -1.674	 0.403	 -4.153	 <.001	
No	fence		-	Strand	 -1.366	 0.425	 -3.213	 0.012	
Electric	mesh	-	Electric	strand	 1.851	 0.374	 4.955	 <.001	
Electric	mesh	-	Mesh	 3.879	 0.300	 12.931	 <.001	
Electric	mesh	-	Strand	 4.187	 0.329	 12.737	 <.001	
Electric	strand	-	Mesh	 2.028	 0.269	 7.547	 <.001	
Electric	strand	-	Strand	 2.336	 0.301	 7.775	 <.001	







Table S12: Statistical results for GLM that investigated the probability of a dead angulate 
occurrence per kilometer for each fence type (df = 184). 
Fence type Estimate SE Z  P  
No fence -18.779 570.330 -0.033 0.974 
Electric mesh 17.783 570.331 0.031 0.975 
Electric Strand 0.030 1019.174 0.000 1 
Mesh 17.550 570.331 0.031 0.975 




Table S13: Statistical results of fence type comparisons for GLM that investigated the 
probability of a dead angulate tortoise occurrence per kilometer for each fence type (df = 184). 
Contrast	 Estimate	 SE	 Z	 P value	
No	fence	-	Electric	mesh	 -17.783	 570.331	 -0.031	 1.000	
No	fence	-	Electric	strand	 -0.030	 1019.174	 0.000	 1.000	
No	fence	-	Mesh	 -17.549	 570.331	 -0.031	 1.000	
No	fence		-	Strand	 -16.292	 570.331	 -0.029	 1.000	
Electric	mesh	-	Electric	strand	 17.753	 844.653	 0.021	 1.000	
Electric	mesh	-	Mesh	 0.234	 0.199	 1.177	 0.765	
Electric	mesh	-	Strand	 1.491	 0.286	 5.209	 <0.001	
Electric	strand	-	Mesh	 -17.520	 844.653	 -0.021	 1.000	
Electric	strand	-	Strand	 -16.262	 844.653	 -0.019	 1.000	







Table S14: Statistical results for GLM that investigated the average number of dead leopard 
tortoises per kilometer of fence type (df = 184). 
Fence type Estimate SE Z  P  
No fence -3.154 0.393 -8.017 <0.001 
Electric mesh 5.313 0.406 13.089 <0.001 
Electric Strand 4.710 0.425 11.092 <0.001 
Mesh 2.060 0.404 5.105 <0.001 




Table S15: Statistical results of fence type comparisons for GLM that investigated the average 
number of dead leopard tortoises per kilometer for among different fence types (df = 184). 
Contrast	 Estimate	 SE	 Z	 P value	
No	fence	-	Electric	mesh	 -21.449	 3321.204	 -0.006	 1.000	
No	fence	-	Electric	strand	 0.000	 5995.949	 0.000	 1.000	
No	fence	-	Mesh	 -21.433	 3321.204	 -0.006	 1.000	
No	fence		-	Strand	 -19.736	 3321.204	 -0.006	 1.000	
Electric	mesh	-	Electric	strand	 21.449	 4992.094	 0.004	 1.000	
Electric	mesh	-	Mesh	 0.016	 0.197	 0.080	 1.000	
Electric	mesh	-	Strand	 1.713	 0.298	 5.755	 <0.001	
Electric	strand	-	Mesh	 -21.433	 4992.094	 -0.004	 1.000	
Electric	strand	-	Strand	 -19.736	 4992.094	 -0.004	 1.000	







Table S16: Statistical results for GLM that investigated the average number of dead angulate 
tortoises per kilometer of fence type (df = 184). 
Fence type Estimate SE Z  P  
No fence -22.300 3321.000 -0.007 0.995 
Electric mesh 21.450 3321.000 0.006 0.995 
Electric Strand 0.000 5996.000 0.000 1.000 
Mesh 21.430 3321.000 0.006 0.995 




Table S17: Statistical results of fence type comparisons for GLM that investigated the average 
number of dead angulate tortoises per kilometer for among different fence types (df = 184). 
Contrast	 Estimate	 SE	 Z	 P value	
No	fence	-	Electric	mesh	 -21.449	 3321.204	 -0.006	 1.000	
No	fence	-	Electric	strand	 0.000	 5995.949	 0.000	 1.000	
No	fence	-	Mesh	 -21.433	 3321.204	 -0.006	 1.000	
No	fence		-	Strand	 -19.736	 3321.204	 -0.006	 1.000	
Electric	mesh	-	Electric	strand	 21.449	 4992.094	 0.004	 1.000	
Electric	mesh	-	Mesh	 0.016	 0.197	 0.080	 1.000	
Electric	mesh	-	Strand	 1.713	 0.298	 5.755	 <0.001	
Electric	strand	-	Mesh	 -21.433	 4992.094	 -0.004	 1.000	
Electric	strand	-	Strand	 -19.736	 4992.094	 -0.004	 1.000	
Mesh	-Strand	 1.697	 0.261	 6.511	 <0.001	
	
